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ABSTRACT: The efficient formation of HCN/HNC from
formamide (FM) combining the advantages of water-
assistance, self-catalyzed reactions, and the mineral surfaces
was investigated. Periodic density functional theory calcu-
lations with plane-wave pseudopotential basis sets were
performed to study the interaction of FM with pyrite (100)
ideal and defect surfaces. Effects of sulfur vacancy defect and
water on tautomerization and rearrangement barriers of FM
on the (100) surface were evaluated. Calculated results show
that FM adsorbs more strongly on the defect surface than on
the ideal surface, with the lowest adsorption energy on the
defect surface being −22 kcal/mol. The energy barriers for rearrangements of FM on these two surfaces being close to each other
suggests that the adsorptions on the surfaces have small effects on the energy barriers. The energy barriers for formimic acid
isomer formations are 44.5 and 46.0 kcal/mol, and those of aminohydroxymethylene formations are 72.6 and 71.9 kcal/mol on
the ideal and defect surfaces, respectively. A reduction of ∼30 kcal/mol in tautomerization energy barriers is observed in water-
assisted process on the defect surface. Because this reduction is close to that of the gas-phase reactions, the catalytic effect is
clearly due to the presence of water molecule instead of the interaction with the surface. In this case, the pyrite surfaces with the
ability to accumulate reactive species only play the role of connecting bridges between the two steps of the proposed reaction
mechanism: the water-assisted rearrangement and the self-catalyzed dehydration.
1. INTRODUCTION
One important hypothesis of the origin of life is that the
building blocks of living organisms such as amino acids, nucleic
acid bases, and carboxylic acids were initially synthesized from
simpler molecules, which might originate from the early Earth
or outerspace before undergoing polycondensation to give
macromolecules. After the classical Miller’s experiment in 1953,
in which amino acids (glycine and alanine) were successfully
synthesized from a mixture of CH4, NH3, H2, and H2O under
electric discharges,1 a large amount of experimental research on
prebiotic chemistry has been performed.2−6 Among small
prebiotic precursors, formamide (NH2CHO, FM) has attracted
great interest in part due to the fact that FM can decompose to
a wide range of smaller molecules, which are relevant in
prebiotic syntheses such as CO, NH3, H2, HNCO, HCHO,
H2O, HCN, and so on.
7−9 A particularly important product of
FM fragmentation is hydrocyanic acid (HCN) because its well-
known polymerization reactions under various conditions yield
a variety of important biomolecules.4−6
It should be noted that the polymerization and hydrolysis of
HCN are two competitive reactions in primitive ocean.
Therefore, HCN molecules should be accumulated in such a
way that its concentration is high enough for the polymer-
ization to occur. This viewpoint was emphasized in a report of
Miyakawa et al., in which the authors concluded that the
steady-state concentration of HCN (and FM) in the warm
primitive ocean is not high enough, and freezing conditions
somewhere on Earth might be needed to increase HCN
concentration.10 However, one should not forget a very
important evolution that happened in the early Earth, namely,
the mineral evolution.11 With the involvement of minerals, the
concentration problem can easily be solved because the mineral
surfaces can adsorb and thereby accumulate these precursor
molecules. Furthermore, the mineral surfaces can also provide
restrictions in molecular orientations and catalyze surface
reactions. In a recent review on the prebiotic role of FM,
Saladino et al. listed a large number of experimental studies on
the formation of biomolecules from FM with minerals as
catalysts.12 Several theoretical studies have also been performed
to investigate the interactions between FM and catalyst
surfaces.13−17 However, available theoretical studies of catalytic
effects on the reaction mechanisms of FM considered up to
now the reactions of FM with water or with itself as catalysts in
the gas phase.18−20 In this context, a theoretical study of FM
reactions on mineral surfaces to identify and understand the
catalytic effects at the molecular level would be of significant
benefit.
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The prebiotic relevance of ion sulfur minerals has been
introduced in the iron−sulfur world (ISW) scenario of
Wachtershauser.21,22 The author proposed an hypothesis in
that iron sulfides under hydrothermal submarine vent
conditions (high temperature, high pressure) played an
important role in prebiotic chemistry. Among different iron
sulfides presented on Earth, pyrite (FeS2) is the most abundant
one. Characteristics of bulk and (100) surface of pyrite have
been extensively investigated both experimentally23−34 and
theoretically.33−43 It has been shown in several studies that the
(100) surface of pyrite can be considered as a truncation of
bulk structures with marginally geometrical changes.38−40 This
truncation breaks Fe−S bonds, while S−S dimer bonds remain
intact. However, because of pyrite’s poor cleavage, the (100)
surface has different defects such as steps, kinks, and sulfur
deficiencies. The most reactive surface sulfur components on
the surface were suggested to be the remaining S2− species of
broken S−S dimers at sulfur-deficient sites.31−33 Furthermore,
adsorbates such as H2O, CH3OH, and g lyc ine
(NH2CH2COOH) adsorb more strongly on these defect sites
than on other nondefect sites.27,41 Such a strong adsorption at
defect sites is very important because weakly adsorbed
molecules would desorb under high-temperature and high-
pressure conditions of hydrothermal submarine vents.27,40,41
We investigate the possible and efficient formation of HCN/
HNC from FM combining the advantages of water-assisted
reactions, self-catalyzed reactions, and the catalytic mineral
surfaces. Theoretical investigations on the adsorption and
rearrangement of FM on the ideal and defect (100) surfaces of
pyrite were carried out. The effects of mineral surface and
preadsorbed water molecule were analyzed in detail to examine
the feasibility of the proposed pathways.
2. THEORETICAL CALCULATIONS
Geometry optimizations and vibrational frequency calculations
for all species involved in dehydrations of bimolecular
complexes between different FM tautomers (FM, formimic
acid (NHCHOH, FA), and aminohydroxymethylene
(NH2COH, AHM)) were carried out using density functional
theory (DFT) method44 with the hybrid B3LYP functional45,46
and the 6-311G(d,p) basis set. Electronic structure computa-
tions were carried out using the GAUSSIAN09 program.47 The
optimized structures were then used in coupled-cluster
CCSD(T) single-point calculations with the larger aug-cc-
pVTZ basis set to obtain more accurate energetic data. Relative
energies were calculated using electronic energies from
CCSD(T)/aug-cc-pVTZ level and zero-point energies (ZPEs)
evaluated from harmonic vibrational frequencies obtained at the
B3LYP/6-311G(d,p) level.
All bulk and surface relaxation calculations were performed
making use of the Vienna ab initio software package (VASP,
version 4.6).48−50 DFT method with the projected-augmented
wave (PAW) description51,52 of cores and the Perdew and
Wang (PW91) functional53 for the exchange-correlation energy
were employed. The valence electrons were described by a
plane-wave basis set with a kinetic energy cutoff of 520 eV. For
the bulk pyrite, k-point sampling is performed with a 4 × 4 × 4
Monkhorst−Pack sampling grid.54 It was proven that using this
k-point sampling density and a smaller plane-wave cutoff energy
of 240 eV the lattice constant and total energy of bulk pyrite
converged to within 0.0005 Å and 10−5 eV, respectively.38 The
ideal and defect (100) surfaces of pyrite were modeled by (2 ×
2) slabs, which were cut from the fully optimized bulk structure.
These slabs consist of 11 atomic layers in which the atoms of
last two layers were replaced by hydrogen. Geometry
optimizations of these bare slabs were carried out with 2 × 2
× 1 Monkhorst−Pack k-point sampling and a vacuum gap in
the z direction of 10 Å. An addition of 3 Å was added to the
height of the periodic cell (in z direction) for adsorption
systems of FM or water on the surfaces. The geometries of FM,
its two tautomers, and water were individually relaxed in a box
of dimensions 20 Å × 20 Å × 20 Å at the same cutoff energy as
bulk and slab calculations. All structures for optimization were
allowed to fully relax without restraints. Transition-state
structures (TSs) were obtained using the climbing image−
nudged elastic band (CI-NEB) method.55,56 When using this
method, the TSs can be located with high certainty, even
though vibrational frequencies were not explicitly computed.
3. RESULTS AND DISCUSSION
3.1. Efficient Formation of HCN/HNC from FM in the
Gas Phase. Let us first summarize the previously reported
results to put the present work in an appropriate context. In the
gas-phase monomeric form, the formation of HCN/HNC from
dehydration of FM is not the favorable decomposition pathway
as compared with decarbonylation and dehydrogenation.8,9,57,58
Photolysis of FM vapor at temperature from 115 to 400 °C and
at pressure from 8 to 10 Torr, with 206.2 nm radiation, showed
that FM decomposed via three main channels in which
decarbonylation channel is the most favored one57
+ → +
→ +
→ + +
hvNH CHO CO NH
NHCHO H
CO NH H
2 3
2
Thermal decomposition of FM diluted in Ar matrix also yielded
the same conclusion, while in Xe matrix, the most favored
pathway is dehydrogenation.58
Energy barriers for different decomposition pathways of FM
in the ground singlet (S0), first excited singlet (S1), and triplet
(T1) states were recently evaluated using quantum chemical
computations.8,9 Unimolecular dehydration of FM consists of
two major steps, both of which involve intramolecular H-
transfer reactions:
(1) tautomerizations of FM forming its tautomers
(2) loss of water from FM tautomers
As summarized in Table 1, FM S0 has relatively high energy
barriers for tautomerization (1) and loss of water (2) steps,
being 43.9 and 59.1 kcal/mol, respectively. Upon excitation to
the triplet state, the tautomerization energy barrier is reduced
considerably (19.1 kcal/mol), while this reduction for the
excited singlet FM S1 is less profound with the energy barrier of
step (1) being 35.8 kcal/mol. However, the second step
forming HCN/HNC is still associated with very high-energy
barriers (56.7 and 75.8 kcal/mol in the T1 and S1 states,
respectively). The lowest overall energy barrier of 50.5 kcal/
mol for FM dehydration belongs to the FM T1 state.
Comparison with other theoretical studies can be found in
refs 8 and 9.
The usage of water molecules and FM itself as catalysts was
proven to lower significantly the energy barriers for
dehydrations of FM.18,20,59,60 Water-assisted tautomerization
processes have energy barriers of 17−23 kcal/mol.18,20,59 These
values are comparable to the 19.1 kcal/mol barrier of FM T1
and much lower than those of FM S0 and S1.
8,9 The addition of
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water, however, lowers both steps (1) and (2) instead of only
the first step, such as the case of triplet T1 excitation. The
water-assisted energy barriers for step (2) are now in the range
of 33−38 kcal/mol.18,20 A recent report on self-catalyzed
dehydration of FM showed that the involvement of another FM
molecule induces a greater effect in further lowering the energy
barrier of step (2), the loss of water from bimolecular complex
of two FA molecules yielding FM, HCN, and water.60 With an
energy barrier of 48.1 kcal/mol for the overall reaction, the self-
catalyzed dehydration of FM becomes the most favored
pathway for FM dehydration that has been reported up until
now.
As for an illustration, Figure 1 shows dehydration energy
barriers from several bimolecular complexes between FM
tautomers that are calculated at the CCSD(T)/aug-cc-pVTZ//
B3LYP/6-311G(d,p) level. Structures of reactants and
transition structures involved in three low-energy barrier
dehydrations (∼14−22 kcal/mol) are also displayed in Figure
1. The dehydration barriers of the structures 22, 23a, and 23b
amount to 22.0, 13.7, and 16.7 kcal/mol, respectively. The
difference of 3.3 kcal/mol between the present calculated
dehydration barrier and the B3LYP/6-311G(d,p) value
reported by Wang et al.20 for the complex 22 is simply due
to the difference of methods. Accordingly, the losses of water
from the complexes 23a and 23b have lower energy barriers
than that from the complex 22. However, the lowest energy FM
dehydration pathway, being the one via the complex 22, is due
to the fact that 22 is the most stable complex among these
three. This complex lies at 31.4 kcal/mol higher than the most
stable FM dimer (cf., Figure S1 in the Supporting Information),
whereas the corresponding relative energies of 23a and 23b are
56.3 and 50.8 kcal/mol. Such high relative energies of the two
latter complexes would certainly result in even higher energy
barriers for their tautomerizations from FM dimers, and thus
the overall pathways involving these complexes are not
favorable.
Combination of the advantages of relatively stable FM
tautomers with low-energy-barrier rearrangements (for in-
stance, water-assisted tautomerizations) and the low-energy-
barrier water loss of bimolecular complexes between FM
tautomers is expected to result in efficient pathways for the
formation of HCN/HNC from FM. In this context, mineral
surfaces with their multiple functions can connect both types of
reactions, and thus the difficulty of generating bimolecular
complexes from FM dimers can be avoided. The catalyst for
rearrangement steps could be either mineral surfaces or
preadsorbed water molecule(s). The former can act as catalysts
for the tautomerizations or only as supported substrates to
adsorb and accumulate the FM tautomers generated from the
first step. These tautomers can move around on the surfaces
and, when getting close enough, would react with each other
forming HCN/HNC. Following this approach, advantages can
be taken from the low barriers of water-assisted rearrangements
and self-catalyzed dehydration without facing the problem of
high energy barriers for the formation of preassociation
bimolecular complexes needed for dehydration steps from
FM dimers.
We examine this proposed mechanism for FM dehydration
on both ideal and defect surfaces of pyrite mineral. The effects
of pyrite surfaces and preadsorbed water on the stabilities of
FM and its tautomers and on the tautomerization barriers are
investigated using quantum-chemical computations.
3.2. Formamide on Ideal (100) Surface of Pyrite. The
pyrite possesses a cubic structure similar to that of NaCl crystal,
in which the Fe2+ cations are situated at the Na+ positions, and
the S2
2− dimers are situated at the Cl− positions (cf., Figure 2).
The dimension of the unit cell length, a0, and sulfur internal
coordinate, xS, obtained from our calculations are 5.414 Å and
0.383, respectively. These values are closer to the experimental
data (a0 = 5.416 Å and xS = 0.387)
23 than several previously
reported theoretical ones.38,43 The (2 × 2) slabs used to
represent the ideal and defect surfaces lie inside an
orthorhombic box with dimensions of 10.829 Å × 10.829 Å
× 18.756 Å (Figure 3). During slab optimizations, these lengths
are kept fixed, while all ions inside the box are allowed for full
relaxation. Our calculated data show negligible atomic displace-
ments in going from bulk to ideal (100) surface. The maximum
Table 1. Theoretically Reported Energy Barriers (kcal/mol)
of the Dehydrations of FM without and with Water and FM
as Catalysts in the S0, S1, and T1 States
energy barriers (kcal/mol)a
reference systems step (1) step (2) overall
FM (S0)
8 43.9 59.1 73.6
FM (S0)
59 48.9
FM (S0)
60 44.7
FM (S1)
9 35.8 75.8 78.3
FM (T1)
9 19.1 56.7 50.5
FM···H2O (S0)
59 22.6
FM···H2O (S0)
60 33.5
FM···H2O (S0)
18 20.0 37.8 56.8
FM···2H2O (S0)
18 17.2 32.9 54.2
FM···3H2O (S0)
18 20.9 33.5 53.8
FM···FM (S0)
20 26.1 18.7 48.1
aEnergy barriers for steps (1) and (2) are scaled with respect to the
reactants directly involved in these elementary reactions, whereas the
overall energy barriers are scaled with respect to the reference systems.
Figure 1. Structures of reactants and transition-state structures
involved in dehydrations of several bimolecular complexes between
FM tautomers obtained at the CCSD(T)/aug-cc-pVTZ//B3LYP/6-
311G(d,p) level. Blue, dark-brown, red, and pink spheres represent N,
C, O, and H, respectively.
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bond length variation of ∼0.1 Å belongs to the Fe−S bonds
perpendicular to the surface. The Fe−S bonds exposed on the
surface show smaller variations in the range of ∼0.01 to 0.08 Å.
The S−S bond lengths remain almost unaffected by the
truncation with the largest variation of ∼0.01 Å for those
exposed on the surface.
One FM molecule is now put on top of the ideal (100)
surface in which the oxygen or nitrogen atoms of FM lie at the
missing coordinate of five-fold coordinated surface Fe atom.
Depending on whether the O or N atom of FM interacts with a
Fe atom of the surface, the adsorption complex is categorized as
O- or N-type complex, respectively. The FM molecule is then
allowed to rotate around the Fe···O or Fe···N bond to generate
structures with possible interactions between FM and other
atoms in the surface. Finally, these initial structures are used as
input for optimization calculations to determine different
energetically stable adsorption complexes.
The most stable complex P1a belongs to the O-type complex
bearing one S···H hydrogen bond. The adsorption energy of
P1a amounts to −14.6 kcal/mol, whereas that of P2a, the most
stable N-type complex, is only −8.8 kcal/mol. Structures of P1a
and P2a are plotted in Figure 4 in which the S atoms involving
in S···H hydrogen bonds are represented by yellow spheres.
The two S···H hydrogen bonds in P2a with bond distances of
2.24 and 2.80 Å are weaker than those in P1a with bond length
of 2.13 Å. The Fe···O and Fe···N bond distances in P1a and
P2a are 2.08 and 2.19 Å, respectively.
The extent of geometrical relaxation of FM upon adsorption
on the surface is greatly dependent on the type of adsorption
complexes. The bond lengths, bond angles, and dihedral angles
of FM in P1a show negligible changes as compared with those
geometrical parameters of the isolated FM with the maximum
variations being 0.03 Å, 4.2°, and 1.5°, respectively (cf., Table
S1 in the Supporting Information.). Although the changes in
bond distances of FM in P2a are also small, the bond angles
and dihedral angles show much larger variations with maximum
changes of 8.1 and 35.7°. Such large variations in dihedral
angles are the results of upward movements (far from the
surface) of the two N−H bonds in FM upon the formation of
the Fe···N bond.
Two tautomerization reactions for each adsorption com-
plexes were examined, namely, the formation of FA (P1c, P2c)
and AHM (P1e, P2e) tautomers. The structures and relative
energies of the TSs (P1b, P1d, P2b, and P2d) and the
tautomers are shown in Figure 4. All tautomerization reactions
are computed to be characterized by high energy barriers of
44.5−73.6 kcal/mol. The FA formation turns out to be more
favored than AHM formation with energy barriers being ∼20−
28 kcal/mol lower. Although P1a is more stable than P2a, the
related energy barrier of P1c formation is ∼9 kcal/mol higher
than that of P2c formation. The fact that P1b and P1c are less
stable than P2b and P2c is a result of the bond formation and
breaking processes during the intramolecular H transfer from
P1a to P1c. When the new O−H bond of FM is formed, the
original Fe···O bond is replaced by a new and weaker Fe···
bond, and the S···H hydrogen bond is lost. The Fe···O bond
distance is elongated by an amount of ∼0.4 and ∼0.8 Å in going
from P1a to P1b and from P1a to P1c (cf., Table S2 in the
Supporting Information.). On the contrary, the Fe···N bond in
P2c is ∼0.2 Å shorter than that in P1a complex, indicating
stronger interaction between FA and the Fe atom on the
surface (cf., Table S3 in the Supporting Information). The H
transfer from C atom to O atom of FM does not affect the
interaction between FM and the surface. Therefore, the energy
barriers of P1e and P2e formations and their relative energies
with respect to the corresponding FM adsorption complexes
are close to each other.
3.3. Formamide on Defect (100) Surface of Pyrite. In
agreement with previous studies,33,41 the removal of one sulfur
atom of S2
2− dimers also results in small geometrical relaxation
Figure 2. Pyrite unit cell showing a polyhedral representation of FeS6
octahedral; light-brown and yellow spheres represent Fe and S,
respectively.
Figure 3. Relaxed pyrite slab used to represent the ideal (100) surface
of pyrite. The S atom being removed from the ideal surface to form
the defect surface is marked by black color.
Figure 4. Schematic 1-D potential energy profile illustrating
rearrangements of P1a and P2a adsorption complexes.
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around the defect site. Important ionic displacements are
observed only for Fe−S and S−S bonds near the defect sites
with maximum displacements of <0.1 Å. The remaining sulfur
monomer on the surface has a formal negative charge of −2,
with the electron lone pair pointing to the position of the
removed sulfur atom. Possible adsorption complexes of FM
with the defect surface are built with O or N atoms of FM
bonding to four-fold coordinated Fe atom at the defect sites.
The most stable molecular (D1a, D2a) and dissociative
(D3a) adsorption complexes of FM on the defect surface are
displayed in Figure 5 are found with adsorption energies of
−21.9, −12.6, and −21.9 kcal/mol, respectively. The D1a
complex and the dissociative D3a complex are much more
stable than the N-type D2a complex due to the presence of the
Fe···O bond in both complexes. Despite the fact of being a
dissociative complex, the presence of both Fe···O and Fe···N
bonds in D3a with bond lengths being 2.008 and 1.950 Å
makes this complex similarly stable as compared with the D1a
molecular complex. A hydrogen bond of 2.054 Å is formed
between the dissociate H atom linked to the sulfur monomer
on the surface and N atom of FM.
Following the same trend as the adsorption complexes
between FM and the ideal surface, geometrical relaxations of
FM are relatively small for the O-type adsorption complex D1a
and large for the N-type adsorption complex D2a (cf., Table S1
in the Supporting Information.). Although the N−H bond is
broken in the dissociative adsorption complex D3a, the bond
distances of the remaining bonds vary by only a small amount
as compared with the corresponding bonds in isolated FM. The
changes in bond angles and dihedral angles of D3a are slightly
larger than those of D1a but still much smaller than those of
D2a.
The adsorptions on the normal or defect sites on the surface
have the same effect on the bond lengths of FM molecule. The
bond length variations between P1a and D1a and between P2a
and D2a are thus <0.01 Å. The most different geometrical
parameters between them are the dihedral angles with changes
of about 7−9°.
The energy profiles for tautomerization reactions of D1a and
D3a are schematically presented in Figure 6. All transition-state
structures and products of these reactions lie above the
separated FM and defect surface reference system. The
stabilities of the reactants (D1a and D3a) and the products
(D1c and D3c) of the two reactions are almost the same.
However, the D1b transition structure of the molecular
adsorption complex is slightly higher in energy than the D3c
transition structure of the dissociation complex. The energy
barriers of 75.3 and 71.9 kcal/mol for the formation of AHM
tautomers D1c and D3c are quite close to those values found
for the tautomerizations of P1a and P2a despite the
significantly lower adsorption energies of the former complexes.
Similarly, the energy barrier of 46.0 kcal/mol for the formation
of FA from D2a is only marginally larger than that of 44.5 kcal/
mol for the corresponding reaction on the ideal surface.
Clearly, interactions with the mineral surfaces mainly change
the relative stabilities between FM and its tautomers. This
suggests that exposed atoms of mineral surfaces or atoms of
additional adsorbed molecule(s) need to directly take part in
the tautomerizations to lower the reaction barriers. Because the
biological reactions with pyrite as catalysts take place in
aqueous solution, the effects of water solvent on the adsorption
energies and tautomerization energy barriers of FM on the
pyrite surface are important issues to be explored.
3.4. Formamide on Defect (100) Surface of Pyrite with
Presence of Water. The adsorption of water on sulfur-
vacancy defect site of pyrite (100) surface has been explored by
means of molecular dynamics simulations.40−42 The related
calculations showed that both molecular and dissociative water
adsorptions take place on Fe sites of the surface. The adsorbed
water forms a coordinative covalent bond with Fe by donating
electron to Fe empty dz2 orbitals. Water molecules tend to
adsorb molecularly on both ideal and defect surfaces but with
stronger adsorption on the latter. Although dissociative
adsorption can also take place on defect sites, it is still much
less favored as compared with molecular adsorption. The
molecular and dissociative adsorption complexes of FM on the
sulfur-deficient sites obtained from our calculations are plotted
in Figure S3 in the Supporting Information.
In agreement with previously reported data,41 our calculated
adsorption energies of the most stable molecular (W1) and
dissociative (W3) adsorption complexes are −19.2 and −4.8
kcal/mol, respectively.
Several initial structures for the FM−water−pyrite adsorp-
tion complex were built by putting FM on the top of the
water−pyrite complexes at different positions following two
main criteria. First, these structures should maximize different
possible interactions, including the interactions between N and
O of FM and Fe atoms of the surface and hydrogen bonds
between FM-surface and between FM and water molecules.
Second, these structures can directly take part in double
hydrogen transfer reactions transforming FM into its
tautomers. Three most energetically stable complexes Dw1a,
Dw2a, and Dw3a have thus been located having the adsorption
energies of −31.3, −29.5, and −28.9 kcal/mol, respectively (cf.,
Figure 7). In addition to the presence of hydrogen bonds
between water and FM, Dw1a and Dw3a are O-type complexes
and Dw2a is N-type complex with the presence of Fe···O and
Fe···N bond between FM and the surface, respectively.
Although the water−pyrite dissociative complex W3 is
significantly less stable than the lowest molecular complex
W1, the additional adsorption of FM on the W3 complex yields
Dw3a with a stability very close to those of Dw1a and Dw2a.
The arrangements of FM and water molecules in Dw1a and
Dw2a are similar to the arrangement of W1−FM, the most
stable complex between FM and water in the gas phase.18 Upon
adsorption onto the surface, the variations in bond lengths of
both FM and water in the complexes are very small. The two
Figure 5. Molecular (D1a, D2a) and dissociative (D3a) adsorption
complexes of formamide on the defect (100) surface of pyrite.
Figure 6. Schematic 1-D potential energy profile illustrating
interconversion reactions of D1a and D3a complexes.
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hydrogen bonds O1···H4 and O2···H1 with bond lengths of
1.804 and 2.078 Å between FM (O1, H1) and water (O2, H4)
in Dw1a are very close to those in theW1−FM complex, which
are 1.875 and 2.036 Å (cf., Table S5 in the Supporting
Information). In Dw2a, the O1···H4 bond is ∼0.2 Å shorter,
and the O2···H1 bond is ∼0.2 Å longer than the corresponding
hydrogen bond in Dw1a. The stronger O1···H4 hydrogen bond
in Dw2a is due to the fact that the O1 atom of FM does not
form a bond with the Fe atom of the surface. The O2···H1
bond becomes weaker due to the formation of Fe···N bond in
the Dw2a complex. The two hydrogen bonds in Dw3a have
characteristic bond lengths of 2.092 and 1.587 Å for O1···H4
and O2···H1, respectively. The H4 atom of water is now
bonded to the S2− monomer of the surface, and thus the
resulting hydrogen bond is weaker than those in Dw1a and
Dw2a.
Figure 8 shows the 1-D potential energy profiles of the
tautomerization processes of Dw1a and Dw2a yielding AHM
tautomers Dw1c and Dw2c. As expected, the water molecule
acts as a bifunctional catalyst for the reactions and appears as
one of the reaction products. Different from previous
tautomerization reactions of FM in the ideal and defect
surfaces where there is no water presence, all transition-state
structures and products of Dw1a and Dw2a tautomerizations
are found to lie below the energies of the separated FM +
defect (100) pyrite surface. These rearrangements basically
involve double hydrogen-transfer reactions in which the H4
atom of water is transferred to the O1 atom of FM and the H1
atom in NH2 fragment of FM transferred to the O2 atom of
water. In both transition structures Dw1b and Dw2b the
transfer of H4 atom from water to FM is nearly complete with
the bond distances of the forming O1···H4 bonds in the two
TSs being only ∼0.08 and 0.04 Å larger than the corresponding
O1−H4 bonds in the Dw1c and Dw2c products (cf., Table S5
in the Supporting Information).
The water-assisted tautomerizations identified have much
lower energy barriers as compared with the energy barriers of
P1a and P2a tautomerizations previously discussed. These
barriers now amount to 19.7 and 14.4 kcal/mol for the
reactions Dw1a and Dw2a, respectively. The maximum of ∼30
kcal/mol reduction in energy barrier as compared with D2a
tautomerization due to the catalytic effect of water is quite close
to the reduction in the gas phase. This suggests that the energy
barrier reduction realized at the mineral surface is mainly the
result of a strong catalytic effect of water molecules rather than
that coming from the adsorption.
In a preceding section, we have mentioned the combination
of the water-assisted rearrangement and self-catalyzed dehy-
dration for efficient formation of HCN/HNC from FM. From
the previous analyses of tautomerization reactions without and
with water presence, it appears clear that both ideal and defect
(100) pyrite surfaces have exerted rather limited effects on the
tautomerization reaction barriers. The mineral surfaces in this
case only act as supported substrates for the adsorptions of FM
and water molecules rather than a catalyst. However, the defect
sites play an important role in accumulating reactive species
because the adsorptions on these defects are much stronger
than those on other places. The relevant molecules, FM and
water, can accordingly be adsorbed at the defect sites and
produce the FA and AHM tautomers. The self-catalyzed
dehydrations can eventually happen when the concentrations of
these tautomers are high enough. Because the pyrite surfaces do
not significantly modify the key energy barriers of the whole
process, we can evaluate that the energy barriers for the
dehydration step are also close to the values of 14−22 kcal/mol
determined for the corresponding reactions in the gas phase.
The FA and AHM tautomers formed at the defect sites of
pyrite could presumably have enough energy to overcome the
dehydration energy barriers due to the substantial gain in
energy from the adsorption and formation of bimolecular
complexes.
4. CONCLUDING REMARKS
In the present theoretical study using quantum-chemical
methods, an effective molecular mechanism for the formation
of HCN/HNC from FM combining the low-energy barriers of
water-assisted tautomerization and self-catalyzed dehydration
has been emphasized. The mineral surfaces can act either as
catalysts by directly taking part in the reactions to lower the
energy barriers or as supporting substrates to adsorb and
accumulate the reactive species. The mineral surfaces studied in
this work are both ideal and defect (100) surfaces of pyrite
(FeS2). The effects of the surface on the stabilities of different
tautomers and the energy barriers of the tautomerizations of
FM are investigated. Our calculated results show that FM
adsorbs more strongly on the defect surface than on the ideal
surface. The most stable adsorption complex of FM on the
defect surface has adsorption energy of −22 kcal/mol, whereas
the lowest adsorption energy on the ideal surface is only −15
kcal/mol.
The most significant result is the small effect of the surfaces
exerted on the energy barriers for various rearrangements of
FM. Although there is a significant difference in the adsorption
energy, the energy barriers for tautomerizations of FM on these
two surfaces are close to each other. The energy barriers for FA
formations amount to 44 and 46 kcal/mol, and those of AHM
formation are 73 and 72 kcal/mol on the ideal and defect
surfaces, respectively. The energy barriers are significantly
Figure 7. Most stable adsorption complexes of formamide on the
defect (100) surface of pyrite in the presence of one preadsorbed
water molecule.
Figure 8. Schematic 1-D potential energy profile illustrating
interconversion reactions of Dw1a and Dw2a complexes.
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reduced in water-assisted tautomerization on the defect surface.
The reduction of ∼30 kcal/mol on the energy barrier turns out
to be close to the energy reduction found for the corresponding
gas phase reactions. These results further point out the small
catalytic effect of the pyrite surfaces on the crucial energy
barriers of the transformation of FM. However, the primordial
role of the pyrite surfaces, especially its defect sites, cannot be
denied because the accumulation of the FA and AHM
tautomers on the surface play as an essential bridge connecting
two steps of the key reaction modes, namely, the water-assisted
tautomerization and the self-catalyzed dehydration. Further-
more, if we admit that the energy barriers for the self-catalyzed
dehydration steps are also not considerably affected by the
pyrite surface, their energy barriers are expected to be similar to
those occurred in the gas phase, which are known to be around
14−22 kcal/mol. The FA and AHM tautomers at the defect
sites would certainly have enough energy to overcome the
barriers due to the gain in energy from the adsorption and
formation of bimolecular complexes between them.
In conclusion, a plausible reaction pathway for FM
dehydrations on (100) surface of pyrite has been established.
Although the pyrite surfaces do not directly lower the
associated reaction barriers, their participation in the reactions
remains pivotal as a bridge connecting the two main steps of
the dehydration process. Further study of other mineral
surfaces, present in the early Earth environment, which not
only act as support substrates but also take part in the reactions,
are necessary to have a more general view of the role of the
minerals in the prebiotic formation of biomolecules.
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